The removal of fluoride from water by Kanuma mud using batch and fixed-bed column adsorption techniques was investigated. In a batch study, maximum fluoride Both model predictions were in good agreement with the experimental data for all the process parameters studied, indicating that the models were suitable for Kanuma mud fix-bed column design. Column adsorption was reversible and the regeneration operation was accomplished by pumping 0.1 M NaOH through the loaded Kanuma 2 mud column.
their drinking water [5] .
The popular technologies for fluoride removal from water are ion exchange, electrochemical degradation, precipitation-coagulation, biodegradation and adsorption [6] [7] [8] [9] [10] [11] . Ion exchange methods are efficient for fluoride removal, but the tedious and difficult process of preparing of resins, as well as the high cost, necessitated a search for an alternative technique [12] . In precipitation-coagulation, trace amounts of fluoride ions tend to remain in aqueous solution. The limitations of the process are the generation of large amounts of sludge and the high pH of the treated water [13] . The biological method is applicable to low pollutant levels, and this process may not always be possible in water treatment due to its long-term biodegradation. Adsorption has been found to be superior to other techniques for fluoride removal based on initial cost, flexibility and simplicity of design, and ease of operation and maintenance [14] .
A variety of low-cost adsorbents (both natural and synthetic), including activated alumina, red mud, alum sludge, chitosan beads, carbonaceous materials, calcite, montmorillonite and spent bleaching earth [15] [16] [17] [18] [19] [20] [21] [22] 
Materials and methods

Chemicals and reagents
All the chemicals used, including sodium fluoride, lanthanum nitrate, ALC, sodium chloride, sodium hydroxide, glacial acetic acid, hydrochloric acid, sodium acetate, sodium carbonate, sodium bicarbonate, sodium nitrate, sodium sulfate, acetone, were of analytical grade and procured from Kanto Chemical Co., Inc. (Japan).
Preparation of the Kanuma mud
The raw Kanuma mud, provided by the Makino Store, Kiyosu, Japan, was in the form of small, spherical, brown and cohesion-less particles of mud and had a neutral pH.
Firstly, it was crushed and sieved to obtain fractions of particles smaller than 150 µm.
Samples were then washed several times with distilled water and dried at 105°C for 24 h. Finally, samples were cooled to room temperature and transferred to airtight glass bottles ready for experimentation.
Characterization of the Kanuma mud
The prepared Kanuma mud was analyzed to determine its physical, mineralogical, and chemical properties. The specific surface area and pore distributions were determined by a gravimetric nitrogen Brunauer-Emmett-Teller (BET) specific surface area analysis device (Coulter SA3100, US). The morphological features of the Kanuma mud were acquired by a scanning electron microscope (SEM) (JSM-6700F, JEOL, Japan). The spot element analysis of the ceramic adsorbent was carried out using an energy dispersive X-ray spectroscopy (EDS) detector (SEM-EDS, JEOL, Japan).
Fluoride analysis was carried out with a Hitachi-DR/4000U (Japan) UV-visible spectrophotometer using the SPADNS indicator at 620 nm [23] .
Batch adsorption experiments
A stock solution (100 mg F/L) was prepared by dissolving 0.221 g anhydrous sodium fluoride in 1 L of deionized water. This was diluted to obtain the required concentrations for further use. All batch studies were carried out in 250 mL Tarson conical flasks with a working volume of 100 mL. After adding a known weight of the adsorbent, the flask was shaken (100 rpm) on a horizontal rotary shaker (Tai Tec, Thermo Minder Mini-80, Japan). When the equilibrium time was reached, the liquid samples were filtered through 0.45 µm filter paper and analyzed for residual fluoride.
The amount of fluoride adsorbed was calculated from the following equation:
where q e is the fluoride adsorbed (mg/g), C 0 is the initial concentration of fluoride 
where q e is the fluoride adsorbed (mg/g), C 0 is the influent fluoride concentration (mg/L), C is the effluent fluoride concentration (mg/L), V E is the volume of solution required to reach the exhaustion point (L), and m is the mass of adsorbent (g).
Results and discussion
Characterization of the Kanuma mud
The surface morphology of the Kanuma mud examined by SEM (Fig. 1a) clearly revealed a fragmented and porous surface texture, which indicated the adsorbent was highly porous, with a high adsorption capacity. After extensive flow-through exposure The specific surface area of Kanuma mud (Table 1) Therefore, F -will be adsorbed to a lesser extent due to the repulsive forces between F -ions and the negative charge of the Kanuma mud surface [11] .
In the pH range 5.0-7.0, the specific adsorption of fluoride on metal oxides of Kanuma mud is due to the electrostatic interaction between the positively charged Kanuma mud surface and negatively charged fluoride ions and can be modeled as follows [10, 21] :
where M represents the metal ions (Si, Al, Fe and Ca).
Effect of contact time and adsorption kinetics
As shown in Fig. 3 studies [24, 25] . The experimental data were analyzed using a pseudo-second-order
Lagergren equation:
where q t and q e are the amount of adsorbed fluoride (mg F/g) at time t (min) and at equilibrium time, respectively. K ad is the second-order rate constant for adsorption. A linear relationship with a correlation coefficient of 0.9994 was found between t/q t and t that indicates fluoride adsorption on the Kanuma mud is a chemisorption process.
Adsorption isotherm models
Adsorption equilibrium is established when the concentration of adsorbate in bulk solution is in dynamic balance with that on the liquid-solid interface. Therefore, the Langmuir and Freundlich models were utilized to describe the equilibrium data. The
Langmuir model is based on the hypothesis that uptake occurs on a homogenous surface by monolayer sorption without interaction between adsorbed molecules, and is expressed as [26] :
Eq. (7) can be written in a linear form as: (8) where q max represents the maximum adsorption capacity and b is a constant related to affinity and energy of binding sites.
The Freundlich model proposes a multilayer sorption with a heterogeneous energetic distribution of active sites and with interaction between adsorbed molecules. It is expressed mathematically as [27] :
The linear form of Eq. (9) is:
where K F and n are the Freundlich coefficients. K F provides an indication of the adsorption capacity and n is related to the intensity of adsorption. The adsorption columns were operated with different flow rates (3, 5 and 7 mL/min) until no further fluoride removal was observed. The breakthrough curve for a column was determined by plotting the ratio of the C e /C 0 (C e and C 0 are the fluoride concentration of effluent and influent, respectively) against time, as shown in Fig. 5 .
The column performed well at the lowest flow rate (3 mL/min). Earlier breakthrough and exhaustion times were achieved, when the flow rate was increased from 3 to 7 mL/min. The column breakthrough time (C e /C 0 =0.05) was reduced from 39 to 9 h, with an increase in flow rate from 3 to 7 mL/min. This was due to a decrease in the residence time, which restricted the contact of fluoride solution to the Kanuma mud.
At higher flow rates the fluoride ions did not have enough time to diffuse into the pores of the Kanuma mud and they exited the column before equilibrium occurred.
Similar results have been found for As (Ⅲ) removal in a fixed-bed system using modified calcined bauxite and for color removal in a fixed-bed column system using surfactant-modified zeolite [29, 30] .
Successful design of a column fluoride adsorption process requires a description of the dynamic behavior of fluoride in a fixed bed. Various simple mathematical models have been developed to describe and possibly predict the dynamic behavior of the bed in column performance [31] . One model used for continuous flow conditions is the Thomas model [32] , which can be written as:
Eq. (11) can be expressed in linear form as: (12) where V eff is the volume of effluent (L), k th is the Thomas model constant (L/mg h), q 0 is the adsorption capacity (mg/g), Q is the volumetric flow rate through column (L/h),
M is the mass of adsorbent in the column (g), C 0 is the initial fluoride concentration (mg/L) and C e is the effluent fluoride concentration (mg/L) at any time t (h). The
Thomas model constants k th and q 0 were determined from a plot of ln [C 0 /C e -1] versus t at a given flow rate. The model parameters are given in Table 3 . The Thomas model gave a good fit of the experimental data, at all the flow rates examined, with correlation coefficients greater than 0.94, which would indicate the external and internal diffusions were not the rate limiting step [31] . The rate constant (k th ) increased with increasing flow rate which indicates that the mass transport resistance decreases. The reason is that the driving force for adsorption is the fluoride concentration difference between Kanuma mud and solution [31, 33] .
Effect of bed height
The accumulation of fluoride in a fixed-bed column is dependent on the quantity of Table 3 . The value of K a characterizes the rate of transfer from the fluid phase to the solid phase. If K a is large, even a short bed will avoid breakthrough, but as K a decreases a progressively deeper bed is required to avoid breakthrough.
Effect of initial fluoride concentration
The adsorption breakthrough curves obtained by changing initial fluoride concentration from 20 to 50 mg F/L at 5 mL/min flow rate and 10 cm bed depth are given in Fig. 8 . As expected, a decrease in fluoride concentration gave a later breakthrough curve; the treated volume was greatest at the lowest transport due to a decreased diffusion coefficient or mass transfer coefficient [35] . Breakthrough time and Gupta et al. [36] . The difference in adsorption capacity between batch and column studies may be that Kanuma mud has pores that favor enhanced solid state diffusion relative to the batch method [37] . 
Conclusions
In this study, the fluoride adsorption capacity of Kanuma mud was evaluated for batch and fixed-bed column adsorption systems. Batch experiments indicated that the time to attain equilibrium was 2 h and adsorption followed the pseudo-second-order kinetic Table 1 Chemical analysis and surface area characterization of Kanuma mud Table 2 Langmuir and Freundlich isotherm parameters for the adsorption of fluoride on Kanuma mud Table 3 The Thomas model and BDST model parameters for the adsorption of fluoride on Kanuma mud Table 3 The 
